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The primary cilia of forebrain neurons assemble around birth and become enriched with
neuromodulatory receptors. Our understanding of the permanence of these structures
and their associated signaling pathways in the aging brain is poor, but they are worthy
of investigation because disruptions in neuronal cilia signaling have been implicated
in changes in learning and memory, depression-like symptoms, and sleep anomalies.
Here, we asked whether neurons in aged forebrain retain primary cilia and whether the
staining characteristics of aged cilia for type 3 adenylyl cyclase (ACIII), somatostatin
receptor 3 (SSTR3), and pericentrin resemble those of cilia in younger forebrain. To test
this, we analyzed immunostained sections of forebrain tissues taken from young and
aged male Fischer 344 (F344) and F344 × Brown Norway (F344 × BN) rats. Analyses
of ACIII and SSTR3 in young and aged cortices of both strains of rats revealed that
the staining patterns in the neocortex and hippocampus were comparable. Virtually
every NeuN positive cell examined possessed an ACIII positive cilium. The lengths of
ACIII positive cilia in neocortex were similar between young and aged for both strains,
whereas in F344 × BN hippocampus, the cilia lengths increased with age in CA1 and
CA3, but not in dentate gyrus (DG). Additionally, the percentages of ACIII positive cilia
that were also SSTR3 positive did not differ between young and aged tissues in either
strain. We also found that pericentrin, a protein that localizes to the basal bodies of
neuronal cilia and functions in primary cilia assembly, persisted in aged cortical neurons
of both rat strains. Collectively, our data show that neurons in aged rat forebrain possess
primary cilia and that these cilia, like those present in younger brain, continue to localize
ACIII, SSTR3, and pericentrin. Further studies will be required to determine if the function
and signaling pathways regulated by cilia are similar in aged compared to young brain.
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INTRODUCTION
Primary cilia are non-motile, microtubule-based organelles that extend from nearly every cell
type in the body including neurons. They are believed to sense and respond to a variety of
chemical changes in the local extracellular environment like small ‘‘cellular antennae’’ (for
review see: Louvi and Grove, 2011; Guemez-Gamboa et al., 2014; Sarkisian and Guadiana, 2015).
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Throughout the mammalian cerebral cortex, most neurons are
believed to possess a single primary cilium (Mandl and Megele,
1989; Fuchs and Schwark, 2004; Bishop et al., 2007; Anastas
et al., 2011; Arellano et al., 2012; Guadiana et al., 2013), with the
exception of gonadotropin-releasing hormone (GnRH) neurons
which can possess multiple cilia (Jennes et al., 1985; Koemeter-
Cox et al., 2014). In mouse cortex, the formation of neuronal cilia
begins perinatally and continues for several months (Arellano
et al., 2012). Neuronal cilia contain several signaling molecules,
including adenylyl cyclase subtype III (ACIII; Berbari et al., 2007;
Bishop et al., 2007; Arellano et al., 2012; Guadiana et al., 2013),
the p75 nerve growth factor receptor (p75NTR; Chakravarthy
et al., 2010, 2012a), as well as several G protein-coupled receptors
(GPCRs) including melanin concentrating hormone receptor
subtype 1 (MCHR1; Berbari et al., 2008a,b; Sun et al., 2012),
serotonin receptor 6 (5HT6; Hamon et al., 1999; Brailov et al.,
2000), somatostatin receptor subtype 3 (SSTR3; Händel et al.,
1999; Berbari et al., 2008a; Domire and Mykytyn, 2009; Einstein
et al., 2010), dopamine receptor 1 (D1; Marley and von Zastrow,
2010; Domire et al., 2011), kisspeptin receptor 1 (Koemeter-
Cox et al., 2014) and neuropeptide Y receptors 2 and 5
(Loktev and Jackson, 2013).
There is growing evidence that suggests disruption of
neuronal primary cilia structure and signaling capacity can
induce defects in neuronal connectivity and reduce intellectual
function (Einstein et al., 2010; Amador-Arjona et al., 2011;
Wang et al., 2011; Kumamoto et al., 2012; Guadiana et al.,
2013; Guo et al., 2015; Chen et al., 2016). Specifically, we
have found that disruption of ciliogenesis in neocortical
pyramidal neurons induces defects in dendrite growth and
arborization that could be reversed by overexpression of
ACIII in these neurons (Guadiana et al., 2013). Similar
results have been obtained in recent studies of adult born
dentate granule neurons. In these studies, ablation of ACIII+
cilia by expressing a dominant negative form of Kif3a
in these granule cells disrupted their ability to develop
dendrites and integrate into the adult brain (Kumamoto
et al., 2012). Evidence that primary cilia dysfunction or loss
alters neuronal and brain function comes from studies in
which knockout of either ACIII or SSTR3 disrupts synaptic
plasticity, behavior, and novel object recognition memory
in mice (Einstein et al., 2010; Wang et al., 2011; Chen
et al., 2016). Additionally, many ciliopathy patients present
with cognitive impairments and other symptoms associated
with CNS dysfunction (Valente et al., 2014; Guo et al.,
2015).
Given the evidence linking primary cilia and brain function,
and the complex mechanisms required to build and maintain
a cilium (for reviews see: Ishikawa and Marshall, 2011; Keeling
et al., 2016), in this study we explored whether neurons
in the forebrains of aged rats are ciliated and whether
these cilia retain ACIII and SSTR3 immunostaining profiles
that resemble those observed in the forebrains of younger
rats. We compared cilia in young and aged brains of male
Fischer 344 (F344) and F344 × Brown Norway (F344 × BN)




Brain tissues analyzed in this study were derived from two strains
of juvenile (2 mos, n = 4) and aged (aged 34 mos, n = 4)
F344 × BN male rats and young adult (Kumar and Foster,
2013; 6 mos, n = 4) and aged (22–24 mos, n = 6) F344 male
rats. Procedures involving animal subjects were reviewed and
approved by the University of Florida Institutional Animal Care
and Use Committee and were in accordance with guidelines
established by the U.S. Public Health Service Policy on Humane
Care and Use of Laboratory Animals.
Immunohistochemistry
F344 × BN rats were intracardially perfused with saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(4% PFA), while F344 frontal cortices were dissected free
from fresh tissue and were fixed by immersion in 4% PFA.
Tissues were cryoprotected in sucrose, frozen over liquid N2,
and sectioned coronally at 50 µm. Immunohistochemical
analyses were performed using the following primary antibodies
and a previously published protocol (Guadiana et al., 2013):
rabbit anti-ACIII (1:10,000; Encor Biotechnology, #RPCA-
ACIII), mouse anti-NeuN (1:2000; Chemicon, #MAB377),
rabbit anti-Pericentrin (1:500; Covance, #PRB-432C), and
goat anti-SSTR3 (1:200; Santa Cruz, #sc-11617). Appropriate
species-specific, fluorophore-conjugated secondary antibodies
were used to visualize binding of the primary antibodies
(1:400; Jackson ImmunoResearch). To reduce lipofuscin
autofluorescence, sections were treated with 0.3% Sudan
Black in 70% ethanol for 10 min as previously described
(Jackson et al., 2009). Stained sections were coverslipped with
Prolong Antifade Gold mounting media containing DAPI
(Life Technologies). Images of stained sections were captured
on a Zeiss AxioObserver D1 epifluorescent microscope or an
Olympus IX81-DSU spinning disc confocal microscope and
are displayed as collapsed z-stacks that were collected in 1 µm
steps.
Cilia Analyses
The percentage of ciliated neurons was determined by placing
the total number of ACIII+ cilia over the number of NeuN+ cells
from each image. The percentage of SSTR3+ cilia was determined
by placing the number of SSTR3+ cilia over the number of
ACIII+ cilia. Only neurons with cell bodies and cilia within
the field/z-stack were included in the analysis. To measure the
lengths of the cilia, images were opened using Image J641 and
analyzed by tracing the ACIII immunostaining signal within the
cilia. The lengths of cilia were measured in randomly selected
images taken of neocortex (primary somatosensory or motor as
indicated) and hippocampal subfields (dentate gyrus (DG), CA3,
CA1) of each brain. Between 46 and 130 cilia were examined from
six to eight fields per rat/region/age group in the F344 (n = 4
rats/group) and the F344× BN (n= 4 rats/group) strains.
1http://rsbweb.nih.gov/ij/
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Statistical Analysis
For each cortical area per animal, we calculated a mean cilia
length and mean percentages of ciliated cells and co-labeled cilia.
The averaged mean data from each brain region for each animal
was statistically compared using a Student’s t-test with the level
for significance set at p< 0.05.
RESULTS
Expression of ACIII, A Marker of Cortical
Neuronal Cilia, Persists in Aged Rats
We and others have shown that the primary cilia of neurons in
the cortices of mice from birth to 2 years of age are enriched with
ACIII (Bishop et al., 2007; Arellano et al., 2012; Chakravarthy
et al., 2012a). In addition, we have shown that NeuN+ neurons
in the neocortex of P14 Wistar rats possess one ACIII+ cilium
(Anastas et al., 2011). To determine whether the neurons in the
neocortices and hippocampi of aged rats possess ACIII+ cilia,
we stained tissue sections of F344 × BN and F344 rats with
antibodies recognizing ACIII and NeuN (Figures 1A–D,H,I).
We found that nearly all of the neocortical NeuN+ cells that we
examined possessed an ACIII+ cilium. No significant differences
were observed in the numbers of neurons possessing ACIII+
cilia (percent ciliated) or the lengths of these cilia present in
the neocortices of 2 month (mos) and 34 mos F344 × BN
rats (Figures 1E,F). ACIII+ cilia were also readily detectable
throughout the layers of the hippocampi of young and aged
F344 × BN rats (Figures 1C,D). The ACIII+ cilia in CA1 and
CA3 regions of hippocampus were significantly longer in aged
compared to young brains (Figure 1G); this difference was
not noted in comparison of the cilia within the DG. We also
examined neurons in the frontal neocortices of 22–24 month old
F344 rats to determine if their cilia were ACIII+. ACIII+ cilia
were identified in the neocortices of these older F344 rats and
the lengths of the cilia were not statistically different from those
present in the neocortices of young F344 rats (Figures 1H–J).
Taken together, our analyses of the neocortices and hippocampi
of F344 × BN and F344 rats demonstrate that neurons in the
rat forebrain maintain a primary cilium enriched with ACIII into
late adulthood.
Expression of SSTR3 in Cilia of the Young
and Aged Forebrain
The majority (∼80–90%) of ACIII+ cortical neuronal cilia in
the adult mouse brain also stain for SSTR3 (Bishop et al., 2007;
Berbari et al., 2008b; Arellano et al., 2012; Guadiana et al.,
2013). SSTR3+ cilia have also been reported to be present in
the hippocampi of young adult (5 month old) rats (Stani´c et al.,
2009) and in 2 year old C57/BL6 mice (Chakravarthy et al.,
2012a). To determine whether neuronal cilia in the cortices and
hippocampi of aged rats are SSTR3+, we co-immunostained
brain sections for SSTR3 and ACIII to label cilia, and NeuN to
label neuronal cell bodies. First we compared the neuronal cilia
present in the primary motor (M1) cortices, and the subfields
of the hippocampi in the brains of young juvenile (2 mos) and
aged (34 mos) F344 × BN rats (Figures 2A–F). We found that
the majority of the ACIII+ cilia in the motor cortices of young
and aged rats were also SSTR3+ (Figures 2G–I). A small number
of ACIII+ cilia in both young adult and aged brain did not
co-stain for SSTR3, a result consistent with our and others’
previous analyses (Green et al., 2012, 2016; Guadiana et al., 2013).
We did not find significant differences between the percentages
of SSTR3+ cilia in young and aged M1 cortices (Figure 2G).
Similarly, we found that the majority of neuronal ACIII+ cilia
in the CA1, DG, and CA3 subfields of the hippocampi of aging
and young F344 × BN rats were also SSTR3+ (Figures 2H–J).
We also examined the frontal neocortices of young adult (6
mos) and aged (22–24 mos) F344 rats and found that the
majority of neuronal cilia co-labeled for ACIII and SSTR3 and
that the percentages of neurons with ACIII+ and SSTR3+ cilia
were not significantly different between young and aged brains
(Figures 2K–Q). These results suggest that aging does not
dramatically alter the expression or transport of SSTR3 into the
primary cilia of neurons in rat neocortex and hippocampus.
Pericentrin Localizes to the Base of
Neuronal Cilia in Young and Aged
Forebrain
The detection of SSTR3 along the lengths of aged cilia suggests
that proteins associated with GPCR trafficking and intraflagellar
transport (IFT) are still intact in the aged cortex. Pericentrin
is a protein that localizes to the basal bodies of neuronal cilia
(Arellano et al., 2012), and is reported to form a complex with
IFT proteins that promote primary cilia assembly (Jurczyk et al.,
2004). To determine if pericentrin expression persists in the
aged cortex, we immunostained sections of young and aged
F344 × BN and F344 frontal cortices for pericentrin, SSTR3
and NeuN. In both strains of rats, we detected pericentrin at
the base of SSTR3+ cilia in neurons of both young and aged
rats (Figure 3). This observation suggests that proteins associated
with the ciliary IFT process are still trafficked to the cilia base in
aged cortex.
DISCUSSION
Our results show that cortical neurons in the forebrains of
aging F344 and F344 × BN rats retain primary cilia enriched
with ACIII and SSTR3, signaling molecules that are present
in the primary cilia of neurons in neonatal rat brain. Our
findings are consistent with and extend those of several other
groups who have characterized primary cilia in the brains
of other aged rodents such as mice and hamsters (Suarez
et al., 1985; Chakravarthy et al., 2010, 2012a,b), and in the
brains of young adult (5 mos) Sprague-Dawley rats (Stani´c
et al., 2009). Recent reports indicate that altered cortical
or hypothalamic neuronal cilia structure or loss of ciliary
ACIII and SSTR3 can disrupt the neuronal development,
cytoarchitecture, and function, and lead to altered behavior,
learning and memory, and sleep (Einstein et al., 2010;
Kumamoto et al., 2012; Guadiana et al., 2013; Han et al., 2014;
Guo et al., 2015; Chen et al., 2016). In view of these reports, our
results suggest that the aged cortex actively maintains its
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FIGURE 1 | Type 3 adenylyl cyclase (ACIII)-positive cilia in young and aged rat forebrain. (A–D) Confocal images of 2 months (mos) (left panels) and 34 mos
(right panels) Fischer F344 (F344) × Brown Norway (BN) rat layer 2/3 of neocortex (Nctx) (A,B) and CA1 region of hippocampus (C,D) immunostained for ACIII
(green) and NeuN (red). Nuclei were stained with DAPI. (E) The percentage of NeuN positive cells also possessing ACIII positive cilia. (F,G) The lengths of ACIII
positive cilia in the Nctx (F) and hippocampal subregions (G) of juvenile (N = 4) and aged (N = 4) rat brains. Data was statistically analyzed using Student’s t-test.
∗p < 0.05. (H,I) Confocal images of 6 and 24 mos F344 rat layer 2/3 of frontal neocortex immunostained for ACIII (green) and NeuN (red). Nuclei were stained with
DAPI. (J) The lengths of ACIII positive cilia in 6 and 24 mos F344 Nctx. Scale bars in B,D,I = 10 µm.
neuronal cilia, and that persistent compartmentalization of ACIII
and SSTR3 in the cilium may be important for functional
outcomes.
We and others have shown that ACIII is trafficked to
and sequestered in the primary cilia of mouse neurons in
mice ranging from birth to 1 year of age (Bishop et al.,
2007; Arellano et al., 2012; McIntyre et al., 2015). In this
study we have extended these observations to include the
primary cilia of neurons in the brains of very old rats. ACIII’s
functional role(s) in the primary cilia of cortical neurons is
still unclear; however, recent studies suggest that it may be
involved in regulating formation of the dendritic arbors of
neurons in developing and adult forebrain (Kumamoto et al.,
2012; Guadiana et al., 2013; Luo et al., 2015; Chen et al.,
2016). The absence of ACIII has been linked to learning and
memory deficits (Wang et al., 2011) and altered sleep patterns
and pro-depression-like phenotypes (Chen et al., 2016). These
observations strongly suggest that ciliary ACIII supports normal
cognition and behavior. Additional studies will be needed
to determine whether or not specific age-related cognitive
impairments are associated with changes in the ACIII signaling
pathway.
It is noteworthy that in aged F344 × BN cortex, we found
that ACIII+ cilia were elongated in some hippocampal regions
but not neocortex. The reason for this regional growth difference
is unclear and could be attributable to multiple factors. One
possibility is suggested by the results of a recent study that
showed that loss of dopaminergic projections to striatal neurons
can induce elongation of the primary cilia of these neurons
(Miyoshi et al., 2014). Several studies of the hippocampus have
shown that reductions in dopaminergic system input to the
hippocampus occur with age (Gasbarri et al., 1996; Hemby et al.,
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FIGURE 2 | Somatostatin receptor 3 (SSTR3)-positive cilia in young and aged rat forebrain. (A–F) Epifluorescent images of 2 and 34 mos F344 × BN layer
2/3 primary motor neocortex (M1) co-immunolabeled for ACIII (green), SSTR3 (red) and NeuN (blue). Arrowheads indicate cilia positive for both SSTR3 and ACIII.
(G–J) Percent of NeuN+ neurons that possess SSTR3+ cilia in M1 (G) and hippocampal DG (H), CA1 (I) and CA3 (J) of 2 and 34 mos F344 × BN rats. (K–P)
Images of 6 (left panels) and 24 mos (right panels) F344 rat layer 2/3 frontal neocortex immunostained for SSTR3 (red), ACIII (green) and NeuN (red). The arrowheads
indicate cilia positive for both SSTR3 and ACIII, while the arrows (A,C,E,L,N,P) show examples of an ACIII positive cilium that is SSTR3 negative. (Q) Percent of
NeuN positive neurons that possess SSTR3 positive cilia in frontal neocortex. Scale bars (A,O) = 10 µm.
2003; Wilson et al., 2006; Hernández et al., 2014). Further study
will be required to determine if age-related changes in dopamine
signals or dopaminergic input to the hippocampus underlie the
elongated cilia phenotype that we observed in this rat strain. It is
also possible that changes in cilia length in aged hippocampus
could reflect age-related changes in the complex mechanisms
governing primary cilia length control (for review see, Keeling
et al., 2016). For example, loss of intestinal cell kinase, a negative
regulator of cilia length, was reported to increase the rate of
anterograde but not retrograde IFT, leading to increased cilia
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FIGURE 3 | Pericentrin localizes to the base of neuronal SSTR3+ cilia
in young and aged rat cortex. Sections of F344 × BN (A) and F344 (B) rat
frontal cortex were immunostained for pericentrin (PCNT, green), SSTR3 (red),
and NeuN (blue). Confocal images show PCNT at the base (arrows) of
SSTR3+ cilia (arrowheads) in layer 2/3 neurons of both young (left panels) and
aged (right panels) tissues. *lipofuscin. Scale bar = 10 µm.
length in IMCD-3 cells (Broekhuis et al., 2014). Whether the
rates of IFT change in aged neurons and/or how increased
cilia length affects cilia signaling in neurons requires further
investigation.
We also examined the cilia in the brains of the aged rats for
the presence of SSTR3. We did not find statistically significant
age effects in the numbers of SSTR3+ cilia in the hippocampi
or neocortices of either aged F344 × BN or F344 rats. The
function of the SSTR3 receptor in cilia is not well understood;
however, studies of SSTR3 KO mice have found that these
KO mice were more seizure-prone in the pentylenetetrazol
kindling model (Qiu et al., 2008) suggesting that SSTR3 may
play a role in regulating the excitability of cortical neurons.
Our observation of persistent ciliary expression of SSTR3 in
the CA1 subregion of the hippocampi of rats up to 34 months
of age differs from a previous study of neuronal cilia in the
hippocampi of rats up to 5 months of age that showed that
SSTR3+ cilia were rarely detected in CA1 (Stani´c et al., 2009).
One possible explanation for this difference is that there may
be strain differences in the regulation of SSTR3 expression in
rodents; Stani´c et al. (2009) examined Sprague-Dawley rat tissue
whereas we examined F344 × BN rat tissue. It is noteworthy
that in aged (20–24 month old) C57/BL6 mouse hippocampus,
the distribution and length of SSTR3+ cilia in the DG of
20–24 month animals was similar to young (6–8 mos) and
middle aged (14–18 mos) animals (Chakravarthy et al., 2012a),
which was consistent with our findings in the DG. Alternatively
it was recently reported that SSTR3 localization in mouse
hippocampal neuronal cilia is dynamic, and that ligand exposure
caused rapid decreases in SSTR3 ciliary localization (Green
et al., 2016). Thus, depending on the extracellular environment,
certain neuronal populations may fluctuate the levels of ciliary
SSTR3 during the lifespan. Alternatively it is possible that aged
neurons do not retain the ability to dynamically localize SSTR3
in response to ligand. While not examined in this study, it
is possible that the localization of other GPCRs known to
populate hippocampal neuronal cilia, such as MCHR1 (Sun
et al., 2012), change with age. Changes in the types and levels
of GPCRs localized to primary cilia could have functional
consequences since MCHR1 and SSTR3 may form heterodimers
within neuronal cilia (Green et al., 2012). It is interesting
to speculate that aging could be associated with changes in
the types and numbers of GPCRs in primary cilia, and that
these changes produce unique signaling cascades within the
ciliary microenvironment that are appropriate for the aging
brain.
From the patterns of ACIII and SSTR3 immunostaining, we
can also infer several other properties about cilia function that
appear intact in the aged cortex. First, the presence of SSTR3
along the length of the cilium suggests that the function of the
Bardet–Biedl Syndrome complex (BBSome), which contributes
to IFT and trafficking of neuronal ciliary GPCRs, is intact
(Nachury et al., 2007; Berbari et al., 2008b; Jin et al., 2010).
The restricted localization of ciliary ACIII also suggests the
transition zone is intact. The transition zone functions to separate
the cilium from soma compartment and is a barrier permissive
only to cilia-bound proteins (for review see: Garcia-Gonzazlo
and Reiter, 2012), and mutations in transition zone-associated
proteins are associated with reduced ACIII+ cilia frequencies
(Stratigopoulos et al., 2014). The presence of pericentrin at the
base of aged cilia suggests that the trafficking of proteins to
the ciliary base is intact and that the cilia may continue to
recruit IFT-related proteins to maintain cilia assembly (Jurczyk
et al., 2004). The accumulation of pericentrin at the base of
cilia also suggests that the pericentriolar material which forms
around the basal body (for reviews see: Delaval and Doxsey,
2010; Mennella et al., 2014) is also intact. Future ultrastructural
analyses, however, will need to be conducted to determine
whether any underlying microtubule/structural deficits could be
present in aged cilia.
In conclusion, our findings reveal that neurons in the aged
cortex of the rat continue to elaborate primary cilia and that
no major age-related changes in expression of known signaling
molecules associated with neuronal cilia. Future questions that
should be addressed are whether ACIII or SSTR3 signaling
pathways are impaired with advanced age or whether there
are any sex-related differences in these pathways as we did
not examine female rats. Although aged neuronal cilia appear
equipped with signaling machinery, do they maintain all of their
signaling properties? Are there age-related cognitive deficits that
correlate with changes in neuronal cilia? Future functional and
mechanistic studies aimed at identifying additional receptors
and signaling pathways in mammalian neuronal cilia and
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determining whether these signaling pathways are shared across
different neuronal subtypes will lead to a better understanding
of the function of neuronal cilia, information that could shed
light on these important organelles and how they influence
neuronal processes and functional outcomes during brain aging.
AUTHOR CONTRIBUTIONS
SMG contributed to the design, acquisition and interpretation of
the data, and helped draft the manuscript. AKP contributed to
the design, acquisition and interpretation of the data, and helped
draft the manuscript. AS assisted in performing the experiments,
analyzing the data and helping draft themanuscript. GFF assisted
in performing the experiments, analyzing the data and helping
draft the manuscript. GS provided critical reagents without
which the study was not possible, and helped with interpretation
and drafting of the manuscript. RJM assisted with data analysis
and interpretation, and provided intellectual contribution during
drafting of the manuscript. TCF helped with design and data
interpretation, drafting the manuscript and provided funding
support for the project. SS-R helped with drafting and editing
the manuscript, data interpretation, and provided important
intellectual contributions. AK helped with design, acquisition
and interpretation of the data, and drafting the manuscript.
MRS conceived the overall design of the study, and helped with
data acquisition, analysis and interpretation, helped draft the
manuscript, and provided funding support for the project.
ACKNOWLEDGMENTS
We would like to thank D. Smith at the Cell and Tissue Analysis
Core at the University of Florida for his assistance in imaging.
This work was supported in part by National Institute on Aging
grants, RO1AG036800, RO1AG037984, RO1AG049711, and
RO1AG052258 (to TCF), an Epilepsy Foundation of America
Predoctoral Fellowship and Bryan Robinson Endowment grant
(to AKP), and funds from the McKnight Brain Research
Foundation and the Evelyn F. and William L. McKnight Brain
Institute at the University of Florida (to TCF and MRS).
REFERENCES
Amador-Arjona, A., Elliott, J., Miller, A., Ginbey, A., Pazour, G. J., Enikolopov, G.,
et al. (2011). Primary cilia regulate proliferation of amplifying progenitors in
adult hippocampus: implications for learning and memory. J. Neurosci. 31,
9933–9944. doi: 10.1523/JNEUROSCI.1062-11.2011
Anastas, S. B., Mueller, D., Semple-Rowland, S. L., Breunig, J. J., and
Sarkisian, M. R. (2011). Failed cytokinesis of neural progenitors in citron
kinase-deficient rats leads to multiciliated neurons. Cereb. Cortex 21, 338–344.
doi: 10.1093/cercor/bhq099
Arellano, J. I., Guadiana, S. M., Breunig, J. J., Rakic, P., and Sarkisian, M. R. (2012).
Development and distribution of neuronal cilia in mouse neocortex. J. Comp.
Neurol. 520, 848–873. doi: 10.1002/cne.22793
Berbari, N. F., Bishop, G. A., Askwith, C. C., Lewis, J. S., and Mykytyn, K. (2007).
Hippocampal neurons possess primary cilia in culture. J. Neurosci. Res. 85,
1095–1100. doi: 10.1002/jnr.21209
Berbari, N. F., Johnson, A. D., Lewis, J. S., Askwith, C. C., andMykytyn, K. (2008a).
Identification of ciliary localization sequences within the third intracellular
loop of G protein-coupled receptors. Mol. Biol. Cell 19, 1540–1547. doi: 10.
1091/mbc.E07-09-0942
Berbari, N. F., Lewis, J. S., Bishop, G. A., Askwith, C. C., and Mykytyn, K. (2008b).
Bardet-Biedl syndrome proteins are required for the localization of G protein-
coupled receptors to primary cilia. Proc. Natl. Acad. Sci. U S A 105, 4242–4246.
doi: 10.1073/pnas.0711027105
Bishop, G. A., Berbari, N. F., Lewis, J., and Mykytyn, K. (2007). Type III adenylyl
cyclase localizes to primary cilia throughout the adult mouse brain. J. Comp.
Neurol. 505, 562–571. doi: 10.1002/cne.21510
Brailov, I., Bancila, M., Brisorgueil, M. J., Miquel, M. C., Hamon, M., and
Verge´, D. (2000). Localization of 5-HT(6) receptors at the plasma membrane
of neuronal cilia in the rat brain. Brain Res. 872, 271–275. doi: 10.1016/s0006-
8993(00)02519-1
Broekhuis, J. R., Verhey, K. J., and Jansen, G. (2014). Regulation of cilium
length and intraflagellar transport by the RCK-kinases ICK and MOK
in renal epithelial cells. PLoS One 9:e108470. doi: 10.1371/journal.pone.
0108470
Chakravarthy, B., Gaudet, C., Ménard, M., Atkinson, T., Chiarini, A., Dal Prè, I.,
et al. (2010). The p75 neurotrophin receptor is localized to primary cilia in
adult murine hippocampal dentate gyrus granule cells. Biochem. Biophys. Res.
Commun. 401, 458–462. doi: 10.1016/j.bbrc.2010.09.081
Chakravarthy, B., Gaudet, C., Ménard, M., Brown, L., Atkinson, T., Laferla, F. M.,
et al. (2012a). Reduction of the immunostainable length of the hippocampal
dentate granule cells’ primary cilia in 3xAD-transgenic mice producing human
Aα(1–42) and tau. Biochem. Biophys. Res. Commun. 427, 218–222. doi: 10.
1016/j.bbrc.2012.09.056
Chakravarthy, B., Ménard, M., Ito, S., Gaudet, C., Dal Prè, I., Armato, U., et al.
(2012b). Hippocampal membrane-associated p75NTR levels are increased in
Alzheimer’s disease. J. Alzheimers Dis. 30, 675–684. doi: 10.3233/JAD-2012-
120115
Chen, X., Luo, J., Leng, Y., Yang, Y., Zweifel, L. S., Palmiter, R. D., et al. (2016).
Ablation of type III adenylyl cyclase in mice causes reduced neuronal activity,
altered sleep pattern and depression-like phenotypes. Biol. Psychiatry doi: 10.
1016/j.biopsych.2015.12.012 [Epub ahead of print].
Delaval, B., and Doxsey, S. J. (2010). Pericentrin in cellular function and disease.
J. Cell Biol. 188, 181–190. doi: 10.1083/jcb.200908114
Domire, J. S., Green, J. A., Lee, K. G., Johnson, A. D., Askwith, C. C., and
Mykytyn, K. (2011). Dopamine receptor 1 localizes to neuronal cilia in a
dynamic process that requires the Bardet-Biedl syndrome proteins. Cell. Mol.
Life Sci. 68, 2951–2960. doi: 10.1007/s00018-010-0603-4
Domire, J. S., and Mykytyn, K. (2009). Markers for neuronal cilia. Methods Cell
Biol. 91, 111–121. doi: 10.1016/S0091-679X(08)91006-2
Einstein, E. B., Patterson, C. A., Hon, B. J., Regan, K. A., Reddi, J., Melnikoff, D. E.,
et al. (2010). Somatostatin signaling in neuronal cilia is critical for object
recognition memory. J. Neurosci. 30, 4306–4314. doi: 10.1523/JNEUROSCI.
5295-09.2010
Fuchs, J. L., and Schwark, H. D. (2004). Neuronal primary cilia: a review. Cell Biol.
Int. 28, 111–118. doi: 10.1016/j.cellbi.2003.11.008
Garcia-Gonzazlo, F. R., and Reiter, J. F. (2012). Scoring a backstage pass:
mechanisms of ciliogenesis and ciliary access. J. Cell Biol. 197, 697–709. doi: 10.
1083/jcb.201111146
Gasbarri, A., Sulli, A., Innocenzi, R., Pacitti, C., and Brioni, J. D. (1996).
Spatial memory impairment induced by lesion of the mesohippocampal
dopaminergic system in the rat. Neuroscience 74, 1037–1044. doi: 10.
1016/s0306-4522(96)00202-3
Green, J. A., Gu, C., andMykytyn, K. (2012). Heteromerization of ciliary g protein-
coupled receptors in the mouse brain. PLoS One 7:e46304. doi: 10.1371/journal.
pone.0046304
Green, J. A., Schmid, C. L., Bley, E., Monsma, P. C., Brown, A., Bohn, L. M., et al.
(2016). Recruitment of β-arrestin into neuronal cilia modulates somatostatin
receptor subtype 3 ciliary localization. Mol. Cell. Biol. 36, 223–235. doi: 10.
1128/MCB.00765-15
Guadiana, S. M., Semple-Rowland, S. L., Daroszewski, D., Madorsky, I.,
Breunig, J. J., Mykytyn, K., et al. (2013). Arborization of dendrites by
Frontiers in Aging Neuroscience | www.frontiersin.org 7 May 2016 | Volume 8 | Article 127
Guadiana et al. Neuronal Cilia in Aged Forebrain
developing neocortical neurons is dependent on primary cilia and type 3
adenylyl cyclase. J. Neurosci. 33, 2626–2638. doi: 10.1523/JNEUROSCI.2906-
12.2013
Guemez-Gamboa, A., Coufal, N. G., and Gleeson, J. G. (2014). Primary cilia in the
developing and mature brain. Neuron 82, 511–521. doi: 10.1016/j.neuron.2014.
04.024
Guo, J., Higginbotham, H., Li, J., Nichols, J., Hirt, J., Ghukasyan, V., et al. (2015).
Developmental disruptions underlying brain abnormalities in ciliopathies.Nat.
Commun. 6:7857. doi: 10.1038/ncomms8857
Hamon, M., Doucet, E., Lefèvre, K., Miquel, M. C., Lanfumey, L., Insausti, R., et al.
(1999). Antibodies and antisense oligonucleotide for probing the distribution
and putative functions of central 5-HT6 receptors. Neuropsychopharmacology
21, 68S–76S. doi: 10.1016/s0893-133x(99)00044-5
Han, Y. M., Kang, G. M., Byun, K., Ko, H. W., Kim, J., Shin, M. S., et al. (2014).
Leptin-promoted cilia assembly is critical for normal energy balance. J. Clin.
Invest. 124, 2193–2197. doi: 10.1172/JCI69395
Händel, M., Schulz, S., Stanarius, A., Schreff, M., Erdtmann-Vourliotis, M.,
Schmidt, H., et al. (1999). Selective targeting of somatostatin receptor 3 to
neuronal cilia. Neuroscience 89, 909–926. doi: 10.1016/s0306-4522(98)00354-6
Hemby, S. E., Trojanowski, J. Q., and Ginsberg, S. D. (2003). Neuron-specific age-
related decreases in dopamine receptor subtype mRNAs. J. Comp. Neurol. 456,
176–183. doi: 10.1002/cne.10525
Hernández, V. S., Luquín, S., Jáuregui-Huerta, F., Corona-Morales, A. A.,
Medina, M. P., Ruíz-Velasco, S., et al. (2014). Dopamine receptor dysregulation
in hippocampus of aged rats underlies chronic pulsatile L-Dopa treatment
induced cognitive and emotional alterations. Neuropharmacology 82, 88–100.
doi: 10.1016/j.neuropharm.2013.11.013
Ishikawa, H., and Marshall, W. F. (2011). Ciliogenesis: building the cell’s antenna.
Nat. Rev. Mol. Cell Biol. 12, 222–234. doi: 10.1038/nrm3085
Jackson, T. C., Rani, A., Kumar, A., and Foster, T. C. (2009). Regional hippocampal
differences in AKT survival signaling across the lifespan: implications for CA1
vulnerability with aging. Cell Death Differ. 16, 439–448. doi: 10.1038/cdd.
2008.171
Jennes, L., Stumpf, W. E., and Sheedy, M. E. (1985). Ultrastructural
characterization of gonadotropin-releasing hormone (GnRH)-producing
neurons. J. Comp. Neurol. 232, 534–547. doi: 10.1002/cne.902320410
Jin, H., White, S. R., Shida, T., Schulz, S., Aguiar, M., Gygi, S. P., et al. (2010).
The conserved Bardet-Biedl Syndrome proteins assemble a coat that traffics
membrane proteins to cilia.Cell 141, 1208–1219. doi: 10.1016/j.cell.2010.05.015
Jurczyk, A., Gromley, A., Redick, S., San Agustin, J., Witman, G., Pazour, G. J.,
et al. (2004). Pericentrin forms a complex with intraflagellar transport proteins
and polycystin-2 and is required for primary cilia assembly. J. Cell Biol. 166,
636–643. doi: 10.1083/jcb.200405023
Keeling, J., Tsiokas, L., and Maskey, D. (2016). Cellular mechanisms of ciliary
length control. Cells 5:6. doi: 10.3390/cells5010006
Koemeter-Cox, A. I., Sherwood, T. W., Green, J. A., Steiner, R. A., Berbari, N. F.,
Yoder, B. K., et al. (2014). Primary cilia enhance kisspeptin receptor signaling
on gonadotropin-releasing hormone neurons. Proc. Natl. Acad. Sci. U S A 111,
10335–10340. doi: 10.1073/pnas.1403286111
Kumamoto, N., Gu, Y., Wang, J., Janoschka, S., Takemaru, K., Levine, J., et al.
(2012). A role for primary cilia in glutamatergic synaptic integration of adult-
born neurons. Nat. Neurosci. 15, 399–405. doi: 10.1038/nn.3042
Kumar, A., and Foster, T. C. (2013). Linking redox regulation of NMDAR synaptic
function to cognitive decline during aging. J. Neurosci. 33, 15710–15715.
doi: 10.1523/JNEUROSCI.2176-13.2013
Loktev, A. V., and Jackson, P. K. (2013). Neuropeptide Y family receptors traffic
via the Bardet-Biedl syndrome pathway to signal in neuronal primary cilia. Cell
Rep. 5, 1316–1329. doi: 10.1016/j.celrep.2013.11.011
Louvi, A., and Grove, E. A. (2011). Cilia in the CNS: the quiet organelle claims
center stage. Neuron 69, 1046–1060. doi: 10.1016/j.neuron.2011.03.002
Luo, J., Chen, X., Pan, Y. W., Lu, S., Xia, Z., and Storm, D. R. (2015). The type 3
adenylyl cyclase is required for the survival and maturation of newly generated
granule cells in the olfactory bulb. PLoS One 10:e0122057. doi: 10.1371/journal.
pone.0122057
Mandl, L., and Megele, R. (1989). Primary cilia in normal human neocortical
neurons. Z. Mikrosk. Anat. Forsch. 103, 425–430.
Marley, A., and von Zastrow, M. (2010). DISC1 regulates primary cilia that display
specific dopamine receptors. PLoS One 5:e10902. doi: 10.1371/journal.pone.
0010902
McIntyre, J. C., Joiner, A.M., Zhang, L., Iñiguez-Lluhí, J., andMartens, J. R. (2015).
SUMOylation regulates ciliary localization of olfactory signaling proteins.
J. Cell Sci. 128, 1934–1945. doi: 10.1242/jcs.164673
Mennella, V., Agard, D. A., Huang, B., and Pelletier, L. (2014). Amorphous no
more: subdiffraction view of the pericentriolar material architecture. Trends
Cell Biol. 24, 188–197. doi: 10.1016/j.tcb.2013.10.001
Miyoshi, K., Kasahara, K., Murakami, S., Takeshima, M., Kumamoto, N., Sato, A.,
et al. (2014). Lack of dopaminergic inputs elongates the primary cilia of striatal
neurons. PLoS One 9:e97918. doi: 10.1371/journal.pone.0097918
Nachury, M. V., Loktev, A. V., Zhang, Q., Westlake, C. J., Perônen, J., Merdes, A.,
et al. (2007). A core complex of BBS proteins cooperates with the GTPase Rab8
to promote ciliary membrane biogenesis. Cell 120, 1201–1213. doi: 10.1016/j.
cell.2007.03.053
Qiu, C., Zeyda, T., Johnson, B., Hochgeschwender, U., de Lecea, L., and
Tallent,M. K. (2008). Somatostatin receptor subtype 4 couples to theM-current
to regulate seizures. J. Neurosci. 28, 3567–3576. doi: 10.1523/JNEUROSCI.
4679-07.2008
Sarkisian, M. R., and Guadiana, S. M. (2015). Influences of primary cilia on cortical
morphogenesis and neuronal subtype maturation. Neuroscientist 21, 136–151.
doi: 10.1177/1073858414531074
Stanic´, D., Malmgren, H., He, H., Scott, L., Aperia, A., and Hökfelt, T. (2009).
Developmental changes in frequency of the ciliary somatostatin receptor 3
protein. Brain Res. 1249, 101–112. doi: 10.1016/j.brainres.2008.10.024
Stratigopoulos, G., Martin Carli, J. F., O’Day, D. R., Wang, L., Leduc, C. A.,
Lanzano, P., et al. (2014). Hypomorphism for RPGRIP1L, a ciliary gene vicinal
to the FTO locus, causes increased adiposity in mice. Cell Metab. 19, 767–779.
doi: 10.1016/j.cmet.2014.04.009
Suarez, I., Fernandez, B., Perez-Batista, M. A., and Azcoitia, I. (1985). Ciliated
neurons in the paraventricular nuclei in old hamsters. J. Submicrosc. Cytol. 17,
351–356.
Sun, X., Haley, J., Bulgakov, O. V., Cai, X., McGinnis, J., and Li, T. (2012). Tubby
is required for trafficking G protein-coupled receptors to neuronal cilia. Cilia
1:21. doi: 10.1186/2046-2530-1-21
Valente, E. M., Rosti, R. O., Gibbs, E., and Gleeson, J. G. (2014). Primary
cilia in neurodevelopmental disorders. Nat. Rev. Neurol. 10, 27–36. doi: 10.
1038/nrneurol.2013.247
Wang, Z., Phan, T., and Storm, D. R. (2011). The type 3 adenylyl cyclase is
required for novel object learning and extinction of contextual memory:
role of cAMP signaling in primary cilia. J. Neurosci. 31, 5557–5561. doi: 10.
1523/JNEUROSCI.6561-10.2011
Wilson, I. A., Gallagher, M., Eichenbaum, H., and Tanila, H. (2006).
Neurocognitive aging: prior memories hinder new hippocampal encoding.
Trends Neurosci. 29, 662–670. doi: 10.1016/j.tins.2006.10.002
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Guadiana, Parker, Filho, Sequeira, Semple-Rowland, Shaw,
Mandel, Foster, Kumar and Sarkisian. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Aging Neuroscience | www.frontiersin.org 8 May 2016 | Volume 8 | Article 127
